Thin films of Cu 2 Sb, prepared on stainless steel and copper substrates with a pulsed laser deposition technique at room temperature, have been evaluated as electrodes in lithium cells. The electrodes operate by a lithium insertion/copper extrusion reaction mechanism, the reversibility of which is superior when copper substrates are used, particularly when electrochemical cycling is restricted to the voltage range 0.65-1.4 V vs. 
Introduction
Sb-containing intermetallic compounds such as InSb, [1] [2] [3] [4] Cu 2 Sb, 5 SnSb, [6] [7] [8] MnSb, 9 CoSb 3 , 10 CrSb 2 11 and Zn 4 Sb 3 12 have recently been suggested as alternative negative electrodes to graphite in rechargeable lithium batteries. Two advantages of intermetallic electrodes are 1) their ability to operate several hundred millivolts above metallic lithium, which may improve cell safety, and 2) their high volumetric capacity, which is significantly larger than that of graphite (820 mAh/cm 3 ). For example, the theoretical volumetric capacity of tetragonal Cu 2 Sb (P4/nmm) 13, 14 is 2749 mAh/cm 3 based on its high crystallographic density of 8.51 g/cm 3 . Unlike other intermetallic electrodes, such as InSb and SnSb, in which both metal components are electrochemically active, only the Sb atoms in Cu 2 Sb have an affinity for lithium. The reaction between pure Sb metal and lithium to form Li 3 Sb 15, 16 produces a large specific capacity and is accompanied by a significant volume change of 137% that can cause electrochemical-mechanical disintegration of particles during cycling. 4, 5 Such large volumetric changes can be suppressed in binary intermetallic compounds on reaction with lithium; these systems tend to show improved reversibility during cycling when structural relationships between parent and lithiated compounds are maintained. 17 For example, it has been reported that lithium insertion into Cu 2 Sb is accompanied by the extrusion of 50% of the Cu atoms, which induces a transformation to a cubic intermediate Li 2 CuSb structure (F-43m) 18 with a [CuSb] zincblende framework. 5 This reaction is followed by the formation of cubic Li 3 Sb (Fm3m), 19 via Li 2+x Cu 1-x Sb, on complete extrusion of Cu at x=1. During the lithium insertion/copper extrusion process, the Sb atoms maintain their face-centered-cubic spatial arrangement. 3 The extruded metallic Cu, which shows no significant reactivity with lithium, can be reincorporated into the Sb array during the reverse reaction. In particular, it has been shown that a powdered Cu 2 Sb electrode with a copper foil current collector has shown stable cycling behavior (25 cycles) over the full voltage range 0.0-1.2 V 5 ; it delivers 290 mAh/g, which is close to the theoretical capacity of Cu 2 Sb (323 mAh/g). (These calculations, however, ignored a possible small contribution to the capacity from the powdered acetylene black current collector that had been added to the Cu 2 Sb electrode.)
Longer term cycling of Li/Cu 2 Sb cells tends to lead to an irreversible capacity loss.
However, by analogy to the Li x Cu 6 Sn 5 system, 20 
Experimental
The Cu 2 Sb films were prepared on 6 mm diameter (3 mm thick) SS disks and Cu foil (25 µm thick) substrates with PLD at room temperature with 10 minutes deposition in 10 mtorr of Ar. Deposition was accomplished using a XeCl eximer laser with an energy density of 3-4 mJ/cm 2 at 10 Hz impinging on a target pressed from ball-milled Cu 2 Sb powder. The distance between the target and the substrates was approximately 5 cm. The SS substrates were mounted on a Si wafer, partially masking the Si during PLD. The film on the Si was used for film thickness evaluation, whereas the films on SS were reserved for electrochemical measurements. Cu 2 Sb films were deposited on Cu substrates without using a Si wafer; in this case, the film thickness was estimated from deposition parameters. The as-prepared films appeared shiny and light blue in color.
The thickness of a Cu 2 Sb film (SS substrate) was evaluated by tilting a partly broken piece of film-coated wafer in a field emission scanning electron microscope (JEOL 6340 FESEM) to see the cross-section. The crystal structure of the film was identified by X-ray diffraction using a Siemens D5000 diffractometer with Ni filtered Cu Kα radiation at 40 kV and 30 mA, and a scan rate of 1.5° / min from 20 to 60° 2θ with 0.05° steps.
An electrochemical cell containing a Cu 2 Sb/SS electrode was assembled by embedding the 3 mm-thick disk into the end of a Kel-F rod that was inserted into a 
Results and Discussion

Film Characterization
The FESEM cross-section image of a Cu 2 Sb/SS film, shown in Fig. 1(a) , revealed a film thickness of 26 nm. The X-ray diffraction pattern of the Cu 2 Sb film showed several of the major reflections of the tetragonal Cu 2 Sb structure, some of which overlapped with peaks from the stainless steel substrate ( reactions, the peak at 1.0 V shifts to more anodic potentials, implying that that the composition of the Cu 2 Sb electrode changes during each cycle, which is consistent with a decreasing amount of copper that is reincorporated into the Sb array on consecutive cycles; the peak at 1.1 V is attributed to the formation of metallic Sb directly from Li 3 Sb particles that become disconnected from the extruded Cu particles during the electrochemical reaction. During subsequent cathodic reactions, two major reduction processes occur, one at 0.93 V and the second at 0.5 V (Fig. 3(a) and Fig. 4(a) ). The reduction process at 0.93
V is attributed to a Sb → Li 3 Sb transition, whereas the low voltage reaction at ~0.5 V to the formation of Li 3 Sb from a Li-Cu-Sb phase resembling Li 2 CuSb. Note that the reduction processes that occur at ~0.8 V on the initial electrochemical reaction of lithium with the Cu 2 Sb electrode are no longer strongly visible in the differential capacity plot in Fig. 4(a) . This behavior suggests that after the initial "break-in" cycle, the Cu 2 Sb electrode is comprised essentially of two components: 1) Sb and 2) a Li-Cu-Sb phase that operates by a reversible lithium insertion/copper extrusion reaction mechanism. The composition 9 of the Li-Cu-Sb electrode varies according to the extent to which copper is reincorporated into the structure during cycling. There is considerable hysteresis associated with the electrochemical reaction ( Fig. 3(a) ), which is consistent with data reported previously for powder Cu 2 Sb electrodes. 5 The possibility that the Sb phase generated electrochemically from Li 3 Sb contains a small amount of some residual lithium (or copper) cannot be discounted.
When cycled over a limited potential range (1.4-0.65 V vs. Li/Li + ), the Cu 2 Sb/SS electrode shows the same initial cathodic reaction at ~0.8 V (Fig. 4(b) ) and the shift of anodic and cathodic peaks that were observed during electrochemical cycling over the wide voltage range (Fig. 4(a) ). Fig. 3(b) ) and the differential capacity plot (Fig. 4(b) ), on the second cycle. The presence of Sb increases the expected capacity of the electrode because the Sb → Li 3 Sb reaction delivers all its capacity above 0.65 V in a lithium half-cell.
By contrast, the Cu 2 Sb/SS electrode capacity in cells that were cycled between 1.2 and 0.1 V fell below 100 mAh/g after ten cycles (Fig. 3(c) (Fig. 6(b) ). Anodic peaks corresponding to the formation of Li 2 CuSb-, Cu 2 Sb-and Sb-type phases could still be detected after 25
cycles, indicating that greater structural order and reversibility was maintained when lithium insertion into, and copper extrusion from, the parent electrode was restricted to an end composition close to Li 2 CuSb. Note that after prolonged cycling (90 cycles) of both 
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Although further work is required to optimize the electrochemical performance of thin-film Cu 2 Sb electrodes, our data seem to suggest that a Cu substrate promotes the reversibility of the Cu 2 Sb → Li 2 CuSb → Li 3 Sb reaction more than a SS substrate does.
However, in both cases, the reversibility of the reaction is compromised when extensive copper extrusion takes place. In this respect, rapid capacity fade can be expected as a result of the loss of both particle contact and matrix conductivity. The superior reversibility of Cu 2 Sb/Cu film electrodes during the early cycles is tentatively attributed to a more homogenous dispersion of nano-sized Cu particles when they are extruded from the Cu 2 Sb electrode and deposited onto the Cu substrate in close proximity to the Li 3 Sb grains.
It is proposed that in such an instance, the extruded Cu particles participate more actively in the functioning of the electrode and, in particular, provide superior electronic conductivity and connectivity to the electrode matrix. This active participation of extruded Cu has already been demonstrated for Cu 6 Sn 5 /Cu films.
28
Film Morphology Change Before and After Cycling
The morphology of the Cu 2 Sb/SS film and the changes in morphology on cycling between 0.1 and 1.2 V were studied with AFM. The surface image before cycling, as shown in Fig. 8(a) , indicates that the film was typically a few hundred Angstroms thick, had a smooth surface (10.7 Å roughness), and covered the relatively rough surface of the stainless steel substrate (76 Å roughness). Statistical analysis of the film surface revealed a peak-to valley distance of a few hundred Angstroms, from which a root mean square (rms) roughness of the films has been determined. However, the surface morphology of the film 13 changed dramatically with cycling, with the rms roughness increasing by a factor of about 8 (85 Å). Aggregation of individual grains was apparent after cycling ( Fig. 8(b) ), consistent with a report that the electrochemical reaction of lithium with nano-sized intermetallic particles leads to aggregation rather than pulverization. 25 (Fig. 9) . The rise in electrochemical potential of the cell is, in part, a function of the chemical self discharge with the electrolyte that creates the SEI layer.
14 The FTIR spectrum of the SEI layer formed on a Cu 2 Sb/SS electrode that had been cycled between 0.65-1.4 V is displayed in Fig. 10 . The residual electrolyte components were removed from the film by washing thoroughly in DMC prior to collecting the FTIR spectrum. The absence of peaks at 1804 and 1769 cm -1 , characteristic of the carbonyl group from ethylene carbonate (EC) confirmed the removal of this electrolyte solvent from the sample. Although it is extremely difficult to make an unequivocal interpretation of the infra-red data, it was possible to make some tentative assignments to the vibrational modes in Fig. 10 and carbon in an alkyl chain indicates the presence of a saturated ester -COOR group (R denotes alkyl chain). We were unable to determine unequivocally whether the ester group was associated with a pure ester or an ester-containing species. However, because pure esters are generally soluble in DMC, we conclude 15 that the signature of the ester group is more likely to be a result of an estercontaining species. , respectively. [29] [30] [31] These features are observed in Fig. 10 . However, the peaks are of low intensity and, therefore, reflect a low concentration of Li 2 CO 3 in the SEI layer.
6. The relatively small and broad peak at 840-900cm -1 is attributed to a combination of several overlapping peaks from ν(P-F), δ(CO 3 2-) from Li 2 CO 3 , and O-C-C groups. [29] [30] [31] 7. In summary, the spectrum in Fig. 10 suggests that the surface SEI layer on a Cu 2 Sb/SS electrode is composed of predominant amounts of CH 3 (CH 2 ) n CO 2 Mtype compounds (M=Cu/Sb/Li), -COOR ester-containing species and PFcontaining salts, and minor amounts of LiOCH 3 and Li 2 CO 3 . This preliminary FTIR study, therefore, provides evidence that the composition of the SEI layer on lithiated intermetallic electrodes may be considerably different to those that form on lithiated graphite electrodes. These data are provided collectively in Fig. 11a in which the vertical axis is represented by pseudo capacitance (i/v) rather than current (i), for clarity.
At the lowest scan rate (0.1 mV/s), it was assumed that the initial charge (cathodic) reaction between 1.4 and 0.65 V was associated with the formation of a Li 2 CuSb-type product at the surface of the electrode and that on the subsequent discharge (anodic) reaction, 2 Li were removed from this product to yield a two-phase electrode consisting of Cu 2 Sb and Sb. The observation of two peaks during the anodic scan at the low rate is consistent with this assumption (Fig. 11(a) ). These peaks become more diffuse or merge into a single peak at higher sweep rates, when the reaction is dictated more by surface processes rather than a combination of surface and bulk processes. 21, 22, 24, [32] [33] [34] [35] [36] Fig . 11(b) and 11(c) show the variation of the primary anodic peak current with sweep rate. The height (I p ) of the anodic peaks shows a linear dependence on sweep rate at ν < 5mV (Fig. 11(b) ). This is attributed to a finite-length, diffusion-controlled process and is typical of the equilibrium behavior of an intercalation electrode. This changes to a square-root dependence at higher sweep rate ( Fig. 11(c) Matching the capacities of the two electrodes is critical to the final performance of the cell, 38 particularly when there is a large, first cycle inefficiency, which is common to many intermetallic electrode systems. Assuming an irreversible capacity loss of 34% on the first cycle, the reversible anode and cathode capacities were chosen to be 1 mAh/cm 2 and 0.84 mAh/cm 2 , respectively, which corresponded to a capacity ratio of 1.2:1. at the lower current rates (Fig. 12(b) ). 39 For example, the first slow discharge of the full cell at a C/20 rate shows two distinct voltage steps between 2.9 and 2.7 V that correspond to the two processes between 0.9 and 1.1 V for the reference Li/Cu 2 Sb cell ( Fig. 12(a) ).
A second cell was cycled 100 times in the voltage window 3.45-2.2 V (Fig. 13(a) and 13(b)); this range corresponds to 0.65-1.4 V for the Li/Cu 2 Sb reference cell. In this case, significantly superior cycling stability was obtained after the initial charge/discharge reaction. At a low current rate (C/25), the cell provided a capacity of 0.65 mAh/cm 2 , 19 whereas at a C/3 rate, a reversible capacity of 0.3 mAh/cm 2 was achieved ( Fig. 13(b) ).
These cell capacities correspond to anode capacities of 128 and 59 mAh/g, respectively.
The data demonstrate that, despite the ability of these low-capacity 
